Endemic marine species at remote oceanic islands provide opportunities to investigate the proposed correlation between range size and dispersal ability. Because these species have restricted geographic ranges, it is assumed that they have limited dispersal ability, which consequently would be reflected in high population genetic structure. To assess this relationship at a small scale and to determine if it may be related to specific reef fish families, here we employ a phylogeographic survey of three endemic Hawaiian damselfishes: Abudefduf abdominalis, Chromis ovalis, and Chromis verater. Data from mitochondrial markers cytochrome b and control region revealed low but significant genetic structure in all three species. Combining these results with data from a previous study on Dascyllus albisella and Stegastes marginatus, all five endemic damselfish species surveyed to date show evidence of genetic structure, in contrast with other widespread reef fish species that lack structure within the Hawaiian Archipelago. Though individual patterns of connectivity varied, these five species showed a trend of limited connectivity between the atolls and low-lying Northwestern Hawaiian Islands versus the montane Main Hawaiian Islands, indicating that, at least for damselfishes, the protected reefs of the uninhabited northwest will not replenish depleted reefs in the populated Main Hawaiian Islands.
Introduction
Due to an apparent lack of barriers in the ocean and the potential for larvae to disperse long distances via ocean currents, the previously long-held paradigm has been that there is abundant connectivity and consequently little genetic differentiation between populations of marine organisms [1] [2] [3] . However, studies demonstrating self-recruitment and local larval retention indicate that not all marine organisms are exhibiting broad-scale larval dispersal [4] [5] [6] [7] . In these circumstances, research has shifted toward understanding the factors mediating connectivity in marine systems and whether there are general patterns related to phylogenetic groups, pelagic larval duration, ecology, or behavior [8] [9] [10] [11] . Nevertheless, generalizations have proven elusive.
Isolated oceanic islands provide an excellent opportunity for investigating dispersal in marine organisms. Rates of endemism are markedly high, and since endemic species are usually the products of long periods of isolated local recruitment and reproduction, they serve as model study organisms for understanding dispersal [5] . The general assumption has been that the constrained geographic range sizes of endemic species reflect limited dispersal abilities [9, 12, 13 ], yet retention-favorable traits are not common characteristics of ocean island endemics [5, 14] . For instance, pelagic larval duration (PLD) is a life history trait that provides an intuitive gauge of dispersal, by the logic that more time spent in the plankton results in greater dispersal and connectivity [15] [16] [17] . However, endemic reef fishes do not show a trend toward shorter PLDs relative to widespread congeners, and some studies have shown the opposite [9, 14, 18] .
While no diagnostic life history traits related to endemism have been identified, there is support for a positive correlation between dispersal ability and range size [19, 20] . Eble et al. [21] sought to evaluate this relationship through a phylogeographic comparison in the Hawaiian Archipelago structure, we would predict genetic differentiation across the ranges of A. abdominalis, C. ovalis, and C. verater as well, providing more support for a correlation between range size and dispersal ability. Additionally, this finding may indicate that genetic differentiation is typical of endemic Hawaiian damselfishes.
Results from our study also contribute to the conservation of the Hawaiian Archipelago. The NWHI host the Papahānaumokuākea Marine National Monument, one of the largest marine protected areas in the world and the largest in the US. The degree of connectivity between the NWHI and the MHI is of particular interest to the management of marine resources in the archipelago. The vast and uninhabited marine protected area (NWHI), adjacent to a large community that depends on the sea for nutrition (MHI), is postulated to have a spillover effect [35, 36] . Our fine-scale sampling throughout the Hawaiian Islands can illustrate whether the NWHI have the potential to subsidize the overexploited reefs of the MHI.
Materials and Methods

Tissue Collection. Collections of 345 A. abdominalis, 412
C. ovalis, and 425 C. verater specimens (fin clips) were made at 13-15 locations across the Hawaiian Archipelago from 2009 to 2012 (Figure 1 ). Additional C. verater specimens were collected at Johnston Atoll ( = 47). Collections were made with pole spears or hand nets while snorkeling or SCUBA diving.
DNA Extraction, Marker Amplification, and Sequencing.
Tissue specimens were preserved in salt-saturated water with 20% DMSO [37] . All of the protocols for DNA extraction, marker amplification, and sequencing are identical to those used in Tenggardjaja et al. [33] . Cytb and mitochondrial CR sequences of C. verater generated for Tenggardjaja et al. [33] were used in this study. Additionally, since the lab work for the current study was conducted concurrently with the study on A. abdominalis by Coleman et al. [38] , cytb sequences of A. abdominalis were shared between the authors. Of these sequences, thirteen were identified as hybrids by Coleman et al. [38] and were included in the current study after determining that they did not bias mtDNA analyses. Sequences were aligned using the Geneious aligner and edited using GENEIOUS R6 (Biomatters, LTD, Auckland, NZ). Alignments of cytb were unambiguous, while CR contained multiple indels of 1-2 bp. Unique haplotypes for each marker were identified in ARLEQUIN 3.5 [39] and were uploaded to GenBank (KP183329-KP183902, KU842721-KU843500).
Genetic Diversity and Population Structure Analyses.
Haplotype diversity (ℎ) and nucleotide diversity ( ) were calculated in ARLEQUIN. Population structure was assessed using analyses of molecular variances (AMOVAs) and population pairwise Φ ST comparisons in ARLEQUIN. The Φ ST fixation index incorporates genetic distance and ranges from 0 to 1, with low values indicating a lack of genetic structure Journal of Marine Biology and high values indicating genetic differentiation. Significance of pairwise Φ ST comparisons and AMOVA calculations was tested with 10,000 permutations, and to correct for multiple comparisons, a modified false discovery rate method was implemented [40] . We determined the best model of sequence evolution for each marker in jMODELTEST 2 [41, 42] . Because the models identified by the Akaike information criterion were not available in ARLEQUIN, we selected the Tamura-Nei model as it was the most similar [43] . For A. abdominalis, populations at Gardner Pinnacles ( = 1) and Nihoa ( = 1) were not included in most analyses due to small sample sizes. However, these samples were included in haplotype networks. Parsimony-based haplotype networks for each marker were constructed in using haploNet in the package Pegas 0.5-1 [44] . Haplotype frequencies used in these networks were calculated in ARLEQUIN.
To test for a signal of population expansion, Fu's test for neutrality and mismatch distributions was calculated in ARLEQUIN with 10,000 permutations [45, 46] . Significant negative values indicate an excess of rare haplotypes, which can be a signal of selection or, more likely, recent population expansion. For cytb data, we fitted the population age parameter and pre-and postexpansion population size parameters 0 and 1 to estimate the time to coalescence [46, 47] . Time to coalescence was calculated with = 2 , where is the age of the population in generations and is the fragment mutation rate. Since the generation times of A. abdominalis, C. ovalis, and C. verater are unknown, we conditionally used a generation time of 3 years based on estimates in the damselfish Chromis chromis [48] . A mutation rate of 2% per million years between lineages or 1% within lineages for cytb was applied [49] .
To avoid making a priori assumptions about the locations of genetic barriers, we used the computational geometry approach in BARRIER 2.2 [50] to visualize genetic barriers in geographic space. Genetic barriers represent changes in genetic composition between sample sites. The software identifies barriers with Voronoi tessellation and Delaunay triangulation, implementing Monmonier's maximum-difference algorithm to compare a distance matrix (e.g., matrix of pairwise population Φ ST values) with a matrix of geographic distances. A posteriori AMOVAs subsequently were performed on population groupings identified by BARRIER.
Mantel tests were used to test for a correlation between genetic distance and geographic distance. Mantel tests were run in the vegan package in with 10,000 permutations, using matrices of pairwise Φ ST values and geographic distances as calculated by the Geographic Distance Matrix Generator [51, 52] . Mantel tests were performed with matrices that included negative Φ ST and also with negative values converted to zeroes. If AMOVAs detected significant structure among groups comprised of more than one sample location, partial Mantel tests were run, incorporating a third dissimilarity matrix that took into account the regional structure. Partial Mantel tests can help distinguish whether isolation by distance, or regional population structure, accounts for more genetic variance in data [53] .
Results
A total of 670 bp of cytb was resolved for A. abdominalis, 660 bp for C. ovalis, and 719 bp for C. verater. For CR, 400 bp was resolved for A. abdominalis, 388 bp for C. ovalis, and 394 bp for C. verater. Summary statistics for number of haplotypes ( ), haplotype diversity (ℎ), nucleotide diversity ( ), and Fu's are provided in Table 1 . For C. ovalis and C. verater, overall haplotype diversity for cytb was high with h = 0.9501 and 0.9077, respectively. Conversely, overall haplotype diversity for cytb in A. abdominalis was lower with ℎ = 0.5865. For CR, overall haplotype diversity approached saturation for all three species with h = 0.9955-0.9997.
All three species had negative and significant Fu's values for both mtDNA markers at most sample locations (Table 1 ). Summary Fu's values for both markers were negative and significant for all species (cytb: = −25.6820 to −29.8590, CR: = −23.4009 to −23.7039). Unimodal mismatch distributions in cytb did not indicate significant deviation from a demographic expansion model for any of the species. Based on a generation time of 3 years and a mutation rate of 2% per million years (1% within lineages), mismatch analyses indicated the coalescence times to be on the order of 68,000 years for A. abdominalis, 249,000 years for C. ovalis, and 163,000 years for C. verater (Table 2 ). Since we used estimates for generation time and mutation rate from other species, calculations for coalescence times are approximations at best.
Overall estimates for Φ ST varied by marker and by species (Table 3) Chromis ovalis had 18 significant comparisons for cytb and 13 for CR, with Pearl and Hermes included in 9 and 4 of these comparisons, respectively. Since most of these comparisons involved populations east of Pearl and Hermes, a posteriori AMOVAs simulating a genetic break between Pearl and Hermes and adjacent Lisianski were run, which detected weak yet significant structure for both markers (cytb: Φ CT = 0.0121, = 0.0338; CR: Φ CT = 0.0096, = 0.0287). AMOVAs did not support any of the genetic breaks identified in BARRIER for this species.
Chromis verater showed significant differentiation of Johnston Atoll in most pairwise comparisons for cytb and CR (Table 6 ). Within the Hawaiian Archipelago, the island of Hawaii was significantly different in at least half of the pairwise comparisons for C. verater (6 for cytb; 6 for CR). In addition to examining patterns of genetic structure among sampling locations, we compared the proportion of significant population pairwise Φ ST comparisons: (1) within the NWHI, (2) within the MHI, and (3) between the NWHI and the MHI. The greatest proportion of significant comparisons occurred between locations in the NWHI and MHI (Table 7) .
Parsimony-based haplotype networks for cytb were dominated by widely distributed common haplotypes ( Figure 2 ). The network for A. abdominalis, which had the lowest haplotype diversity, was dominated by one common haplotype. Chromis ovalis and C. verater, which had similarly high haplotype diversities, had multiple common haplotypes in the networks. In all species, the most common haplotypes were present at nearly every sampling location. In contrast, the networks for CR in all three species showed an abundance of haplotypes observed in single individuals, as expected with haplotype diversities ℎ > 0.9900 ( Figure 3 ). While there did not appear to be much geographic clustering of haplotypes, the CR haplotype network for C. verater showed some grouping of Johnston Atoll haplotypes, which supports the genetic differentiation from the Hawaiian Archipelago ( Figure 3 ).
For C. ovalis and C. verater, the Mantel test for cytb did not indicate isolation by distance, but A. abdominalis, the species with the lowest overall population structure, had a significant signal ( 2 = 0.5308, = 0.0003). Since AMOVAs with A. abdominalis populations grouped into the NWHI and the MHI were significant for both markers, a partial Mantel test for cytb was run accounting for this regional structure. The isolation by distance signal was weaker but still significant ( 2 = 0.4685, = 0.0005). For CR, no Mantel tests or partial Mantel tests were significant (data not shown). 
Discussion
In accordance with the expected relationship between dispersal ability and range size, the Hawaiian endemic damselfishes A. abdominalis, C. ovalis, and C. verater all demonstrated evidence of genetic differentiation. Although the species differed in terms of the specific patterns of connectivity among locations, in general, there was a trend toward more genetic structure between locations in the NWHI and the MHI, which has implications for the management of marine resources in the Hawaiian Archipelago. Additionally, the genetic breaks exhibited by each species were concordant with previously identified barriers to dispersal in the archipelago [32] , providing guidance in defining ecosystembased management units.
Population Structure of Hawaiian Endemic Damselfishes.
Our genetic survey based on mitochondrial markers cytb and CR revealed that these three endemic damselfishes exhibited low but significant population structure within their ranges. Very few migrants per generation are necessary to prevent genetic differentiation between populations [54] , so even weak genetic structure that is statistically significant indicates some restriction to gene flow [55] . For each species in this study, global Φ ST values were significant within the Hawaiian Archipelago, and each species exhibited multiple significant pairwise Φ ST comparisons for both markers. Of the eight endemic Hawaiian damselfishes, the only other species subject to genetic surveys are D. albisella and S. marginatus [27] . Similar to our results, both of these species had multiple significant pairwise Φ ST comparisons for the mitochondrial control region. Combining results for those two species with results from the current study, all five endemic damselfishes exhibit significant genetic structure, supporting the hypothesis that the restricted ranges of endemic species are coupled with lower dispersal ability. Without data on the three remaining species Chromis hanui, Chromis struhsakeri, and Plectroglyphidodon sindonis, we cannot definitively conclude that all Hawaiian endemic damselfish species demonstrate population subdivision over their range, but so far all results support this trend. the PLDs for C. ovalis and C. verater are estimated to be 30 days and as long as 3 months, respectively [13, 56] . The isolation by distance signal for A. abdominalis may result from a shorter PLD and thus lower dispersal [17] , yet the relationship between PLD and dispersal distance remains controversial [57] [58] [59] . One notable result from our data sets is a rank order wherein the species with the longest PLD (C. verater) has the most population structure and the species with the shortest PLD (A. abdominalis) has the least structure, contrary to expectations. In addition to PLD, the depth ranges for the Chromis species (5-199 m) differ from that of A. abdominalis (1-50 m) . Sea level fluctuations during the Pleistocene reduced coastal habitat in the Hawaiian Archipelago by 75%, likely fragmenting populations of many shallow-water marine species [60] . Chromis ovalis and C. verater may have retreated to refugia in the deeper parts of their depth range, while A. abdominalis may have been more susceptible to these changes in sea level [61] . As observed in other marine taxa [60] , the refugia populations of the Chromis species may have become genetically differentiated over time and subsequently reestablished connectivity once sea levels rose, resulting in haplotype networks comprised of several common haplotypes. Conversely, in A. abdominalis, the network is dominated by a single haplotype, and its lower haplotype diversity may reflect a population bottleneck following sea level change and subsequent population expansion, a pattern found in multiple marine taxa [60] . Significant negative Fu's values, unimodal mismatch distributions, and shallow coalescence times reinforce that all three species have experienced recent population expansions, possibly as a result of past fluctuations in climate and sea level.
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Fishes. Since multiple genetic surveys exist for endemic Hawaiian reef fishes, we can compare results to investigate the relationship between range size and dispersal ability. Lester and Ruttenberg [20] found a correlation between PLD and range size for certain reef fish families but not for others.
The current study demonstrates that most Hawaiian endemic species in the Pomacentridae exhibit genetic structure. The Hawaiian grouper, Hyporthodus quernus, is the only member of Serranidae endemic to the Hawaiian Archipelago and Johnston Atoll. Population pairwise comparisons for CR and nuclear microsatellite markers demonstrated low but significant structure within the Hawaiian Islands [62] . In contrast, the widespread grouper Cephalopholis argus showed no population structure from the central Pacific (Line Islands) to northeastern Australia, a distance of about 8000 km [63] . In the surgeonfishes (Acanthuridae), the Hawaiian endemic Ctenochaetus strigosus exhibited low to moderate genetic structure in population pairwise comparisons for cytb [21] . The surgeonfish Zebrasoma flavescens, which occurs across the NW Pacific but is most abundant in the Hawaiian Archipelago, shows multiple population breaks within the archipelago [64] . In the same family, Acanthurus nigroris, which was reclassified as a Hawaiian endemic [65] ,
showed low yet significant population structure in pairwise comparisons and a significant global Φ ST value across its range, driven by the Johnston Atoll specimens [30] . In the wrasses (Labridae), Halichoeres ornatissimus only exhibited significant genetic differentiation in pairwise comparisons with Johnston Atoll and, otherwise, did not show significant structure within the Hawaiian Islands [66] . Hawaiian endemic butterflyfishes (Chaetodontidae) also lacked population structure, with cytb data revealing no genetic structure for Chaetodon fremblii, Chaetodon miliaris, or Chaetodon multicinctus [28] . Though some Hawaiian (or North Pacific) endemics show structure and others do not, this should be interpreted against findings for widespread Indo-Pacific fishes that occur in Hawaii, which almost uniformly show a lack of population structure across this archipelago [29, 31, [67] [68] [69] [70] [71] . Besides the Pomacentridae, genetic surveys of Hawaiian endemics are only available for one to three species within other reef fish families, making it difficult to draw robust conclusions regarding whether taxonomic family is a good predictor of the relationship between range size and dispersal ability. Superficially, there appears to be a trend in the families that have genetic data for more than one Hawaiian endemic species. Genetic structure is observed in five endemic damselfishes and in three surgeonfishes, though structure in A. nigroris is inconsistent. The three endemic butterflyfishes lacked genetic structure, but surveys of other butterflyfishes indicate that extensive dispersal is a feature of these taxa [72] [73] [74] [75] [76] . Additional genetic surveys of Hawaiian endemic reef fishes would provide interesting perspective on whether there is consistency in the relationship between range size and dispersal ability at the taxonomic family level.
Connectivity between the NWHI and the MHI and Concordant Genetic Breaks in the Hawaiian Archipelago.
While individual patterns of genetic connectivity among sampling locations varied by species, our study found that that there was more genetic structure between the NWHI and the MHI than within either region (Table 7) . Additionally, AMOVAs for A. abdominalis exhibited a significant genetic break between these two regions (Table 3) . Results for D. albisella and S. marginatus also supported this trend with 57% and 50% of respective significant pairwise comparisons occurring between the NWHI and the MHI [27] . Though A. abdominalis, C. ovalis, and C. verater demonstrated weak genetic structure, there is a clear signal of isolation between these two regions. Since these species are only found in the Hawaiian Islands and Johnston Atoll, management plans should take into account spatial patterns of connectivity exhibited by endemic species, in order to preserve the unique biodiversity within this region.
Multispecies genetic surveys are useful for implementing ecosystem-based management and highlighting potential management units [77, 78] . This study detected several significant genetic breaks in the archipelago: (1) between the NWHI and the MHI (A. abdominalis), (2) east of Pearl and Hermes (C. ovalis), and (3) between Maui and the island of Hawaii (C. verater). These breaks are consistent with three previously identified barriers in the Hawaiian Archipelago. Toonen et al. [32] compared genetic surveys of 27 taxonomically diverse species on Hawaiian coral reefs and found four concordant barriers to dispersal, based primarily on reef invertebrates. Agreement between those breaks and the ones in our study contributes to the proposal that these barriers delineate potential zones of resource management. Moreover, the consistency in genetic breaks across different taxonomic groups reinforces the conclusion that abiotic factors play a role in limiting connectivity within the archipelago.
Conclusions
Based on the results from this study and Ramon et al. [27] , the five Hawaiian endemic damselfishes surveyed to date exhibit genetic structure across their ranges. This finding supports a relationship between range size and dispersal ability. However, this would be more strongly supported if widespread damselfish species demonstrated lower genetic structure across the same geographic range as the endemic species. Our review of genetic surveys of Hawaiian endemic reef fishes indicates that the presence of genetic structure in endemic species may be specific to particular taxonomic families. Genetic data on widespread damselfish species in the Hawaiian Archipelago would be useful in teasing apart this trend from the possibility that the life history traits of damselfishes simply predispose them to showing genetic structure [79] . (However, some studies already have demonstrated a lack of structure in damselfish species [22, 78, 80] .) Since our study was limited to the Hawaiian Archipelago and Johnston Atoll, it is difficult to extend our conclusions to other archipelagos, as place-specific abiotic factors (e.g., oceanography, geologic history) undoubtedly contribute to restricting the dispersal of endemic species.
Our results on the Hawaiian endemics A. abdominalis, C. ovalis, and C. verater not only reinforce previously identified genetic breaks in the Hawaiian Archipelago, but also illustrate a general trend in connectivity in endemic Hawaiian reef fishes. The preservation of marine biodiversity inherently calls for a better understanding of connectivity patterns in endemic species. The genetic structure between locations in the NWHI and the MHI in our study species and in Ramon et al. [27] indicates that the protected status of the Papahānaumokuākea Marine National Monument may not result in replenishment of depleted reef resources in the MHI. Therefore, taking measures to ensure connectivity between protected areas in the MHI will aid in maintaining the biodiversity unique to this archipelago.
